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ABSTRACT
A d i r e c t  measure o f  the r a t i o s  o f  the conformers o f  c i s - 4 -  
c h l o r o t h i a n e - 1 - o x i de and t r a n s - 4 - c h l o r o t h i a n e - 1 - o x i de were 
ob ta ined  through low temperature  n u c le a r  magnet ic  resonance 
s t u d i e s .  The former  compound e x i s t s  p r ed om in an t l y  i n  the 
5-0 a x i a l  form (75:25 )  and the l a t t e r ,  a lmost  e x c l u s i v e l y  
i n  the S-0 a x i a l  form ( 9 8 : 2 ) .
The c i s -  compound approx imates the b e ha v io r  expected f rom 
a d d i t i v i t y  o f  co n fo rm a t io n a l  f r e e  energy va l u e s ;  the l a r g e  
d i sc r epa nc y  i n  the t r a n s -  compound can be e x p la in e d  by a 
1, 4 - d i p o l a r  i n t e r a c t i o n .
i i
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INTRODUCTION
V a n ' t  H o f f  1  and LeBel (1874) had proposed the t h e o ry  o f  the 
t e t r a h e d r a l  geometry o f  the l i n k a g e s  to  s a t u r a t e d  carbon and 
w i t h  t h i s  p r o p o s a l ;  began a new concept  o f  the s t e r e o c h e m i s t r y  
o f  o r g a n ic  mo lecu les .  D i r e c t l y  connected to  t h i s  t h e o ry  was 
the  p r i n c i p l e  o f  " f r e e  r o t a t i o n " ;  i . e .  carbon atoms connected 
by a s i n g l e  bond ( c - c )  cou ld  r o t a t e  about  t h a t  bond. In 1885 
LeBel i n t r o d u c e d  h i s  " s t r a i n  t h e o r y "  as an e x t e n s io n  o f  the 
o r i g i n a l  t e t r a h e d r a l  t h e o r y .  In t h i s  t h e o ry  he a t tempted to  
show the dependence o f  r i n g  f o r m a t i o n  on the number o f  r i n g  
components.  D i s t o r t i o n  o f  the " t e t r a h e d r a l  a n g le "  caused 
"ang le  s t r a i n "  and an i n c r eas e  in  the energy c o n t e n t  o f  the 
mo le cu l e .  Bayer proposed a p l a n a r  s t r u c t u r e  f o r  these c y c l i c  
m o l e c u l e s ,  but  i t  was Sachse (1 890 ) ,  who p o in te d  out  t h a t  by 
having a puckered r i n g ,  cyc lohexane cou ld  m a in ta in  the 
t e t r a h e d r a l - c a r b o n - a n g l es f r e e  o f  s t r a i n .  He proposed two 
such fo rms;  one he c a l l e d  the r i g i d  ( c h a i r )  and the o t h e r  
the f l e x i b l e  (b oa t )  form,  He a l so  recogn ized two m ono su bs t i t u t ed  
p roduc ts  o f  the r i g i d  ( c h a i r )  form^which were i n t e r c o n v e r t i b l e .  
U n f o r t u n a t e l y ,  he f e l t  t h a t  t h i s  i n t e r c o n v e r s i o n  o n l y  occu rred  
on h e a t i n g .
I t  was Mohr ( i n  1918) who p o in te d  ou t  t h a t  the two c h a i r  forms 
o f  a s u b s t i t u t e d  cyc lohexane should  be r e a d i l y  i n t e r c o n v e r t i b l e  
by r o t a t i o n  about  s i n g l e  bonds.
Th is  then i s  the bas i s  o f  modern s t e r e o c h e m i s t r y  and conform­
a t i o n a l  a n a l y s i s .
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The term c on fo rm a t ion  i s  used to  denote any o f  the i n f i n i t e  
number o f  arrangements o f  the atoms in  space t h a t  r e s u l t  f rom 
r o t a t i o n  about  s i n g l e  bonds.
I t  was assumed t h a t  t h i s  r o t a t i o n  was unhindered u n t i l  Kemp 
and P i t z e r  suggested t h a t  t h e r e  i s  a b a r r i e r  t o  " f r e e  r o t a t i o n "  
i n  ethane o f  about  3 k c a l / m a l e .  As a consequence,  the atoms 
i n  the molecu le  would be found more f r e q u e n t l y  i n  p o s i t i o n s  
which are less  h inde red ( t h a t  i s ,  more s t a b l e  c o n f o r m a t i o n s ) .
A dynamic e q u i l i b r i u m  should  then e x i s t  between these more 
s t a b l e  o r  p r e f e r r e d  co n f o rm a t i o n s .  (The s taggered p o s i t i o n s  
o f  t he hydrogen in  ethane are less  h inde red  than the e c l i p s e d  
p o s i t i o n . )
The Sachs-Mohr d i s t i n c t  c h a i r  forms were recogn ized  as the 
p r e f e r r e d  con fo rma t ions  o f  cyc lohexane.  I n t e r c o n v e r s i o n  
r e q u i r e s  1 0 . 8 k c a l / m o le ^  to  change the bond angles and o v e r ­
come the non-bonded r e p u l s i o n .
I t  i s  d u r i ng  t h i s  i n t e r c o n v e r s i o n , t h a t  the cyc lohexane r i n g  
passes th rough the boat  f o rm,  which cor responds to  a s m a l l e r  
energy maximum ( 6 . 4 k c a l / m o l e ) ^ , and a t w i s t  form which re p re se n t s  
an energy minimum o f  5 . 5 k c a l / m o l e ^ . At  room tempera tu re  th e re  
i s  s u f f i c i e n t  energy a v a i l a b l e  f o r  easy i n t e r c o n v e r s i o n  f rom 
one c h a i r  form i n t o  the o t h e r .  So much so ,  t h a t  i t  can be taken 
as a r a p i d  e q u i l i b r a t i o n  between the two c h a i r s .  This  i s  i m p l i e d  
by the s i n g l e  l i n e  nmr spect rum a t  room t e m p e ra tu re .
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Six  o f  the hydrogens o f  the cyc lohexane c h a i r  form are p a r a l l e l  
t o  the p lane o f  the r i n g .  These are known as e q u a t o r i a l  hy d ro ­
gens. The rema in ing s i x  are v e r t i c a l  to the p lane and are known 
as a x i a l  hydrogens.  The a x i a l  hydrogens become e q u a t o r i a l  on 
i n t e r c o n v e r s i o n ,  nmr can o n ly  d e t e c t  the two sets  o f  p ro tons 
when the r a t e  o f  i n t e r c o n v e r s i o n  has been reduced.  At  t emperatures
7
below -62°C one does observe two separa te  f a m i l i e s  o f  l i n e s ,  
emerging f rom the s i n g l e  l i n e  spect rum o b ta in ed  a t  room temp­
e r a t u r e .
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MONOSUBSTITUTED CYCLOHEXANES
Monos ub s t i t u te d  cyc lohexanes can e x i s t  i n  two d i f f e r e n t  fo rms.  
The s u b s t i t u e n t  can assume the a x i a l  or  e q u a t o r i a l  p o s i t i o n .  
Convers ion o f  one c h a i r  form f o r  the o t h e r , i n t e r c h a n g e s  a x i a l  
(a)  and e q u a t o r i a l  (e)  p o s i t i o n .  The b a r r i e r  t o  i n t e r c o n v e r s i o n  
o f  these two forms i s  r o u g h ly  the same as t h a t  i n  cyc lohexane .
-h
The p r e f e r r e d  co n f o rm a t io n  depends on the s t e r i c  e f f e c t  and 
a l so  the e l e c t r o s t a t i c  f a c t o r s  o f  the s u b s t i t u e n t .  In the 
a x i a l  p o s i t i o n ,  the s u b s t i t u e n t  i s  sub je c t e d  to  g r e a t e r  Van- 
derWaals r e p u l s i o n ,  than i n  the e q u a t o r i a l  p o s i t i o n .  A 
genera l  r u l e  i s  t h a t  a t  e q u i l i b r i u m  the co n fo rm a t i o n  w i th  
the e q u a t o r i a l  s u b s t i t u e n t  i s  p r e f e r r e d .  Suppor t  comes f rom 
s tu d i e s  o f  the c o n f o rm a t i o n a l  e q u i l i b r i a  o f  a l a r g e  number 
o f  m ono su bs t i t u te d  cyc lohexanes^ .  In p r a c t i c a l l y  a l l  cases 
the e q u a t o r i a l  isomers are p r e f e r r e d .
DISUBSTITUTED CYCLOHEXANES
D i s u b s t i tu ted cyclohexanes can a l so  e q u i l i b r a t e  between two 
d i f f e r e n t  c h a i r  con format ions .  In a 1 , 1 - d i s u b s t i t u t e d  c y c l o ­
hexane c h a i r  i n v e r s i o n  i n t e rch a n g e s  the a x i a l  and e q u a t o r i a l  
s u b s t i t u e n t s .  I f  the two s u b s t i t u e n t s  are the  same, the con­
formers produced w i l l  be super imposable .  I f  t he  s u b s t i t u e n t s  
are d i f f e r e n t ,  the co n fo rm a t io n  w i t h  l a r g e r  s u b s t i t u e n t  i n  the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5e q u a t o r i a l  p o s i t i o n  i s  more s t a b l e  and predomina tes.
A 1 , 2 - d i s u b s t i t u t e d  cyc lohexane may e x i s t  i n  c i s  and t rans  
c o n f i g u r a t i o n s .  The c i s  i somer  w i l l  have a x i a l - e q u a t o r i a l  
s u b s t i t u e n t s  which on i n t e r c o n v e r s i o n  goes to  e q u a t o r i a l - a x i a l  
f orm.  I f  the two s u b s t i t u e n t s  are d i f f e r e n t ,  the conformer  
w i t h  the l a r g e r  s u b s t i t u e n t  i n  the e q u a t o r i a l  p o s i t i o n  p re ­
dominates.  The t r a n s  i somer  w i l l  e x i s t  as an e q u i l i b r i u m  
m ix t u r e  o f  d i a x i a l  and d i e q u a t o r i a l  forms w i t h  the d i e q u a t o r i a l  
being more s t a b l e ,  when the s u b s t i t u e n t s  are the same. This 
i s  not  n e c e s s a r i l y  t ru e  i f  the s u b s t i t u e n t s  are d i f f e r e n t  and 
s t a b i l i t y  can a l so  be a f f e c t e d  by r i n g  de fo rm a t io n  and d i p o l e -  
d i p o l e  i n t e r a c t i o n  o f  the s u b s t i t u e n t s .
A 1 , 3 - d i s u b s t i t u t e d  cyc lohexane can e x h i b i t  c i s  and t rans  
i somer ism.  The s u b s t i t u e n t s  o f  the c i s  i somer  w i l l  be p r e ­
do mi nan t l y  d i e q u a t o r i a l  and i n  the t ra n s  isomer  the s u b s t i t u e n t s  
w i l l  be e i t h e r  a x i a l - e q u a t o r i a l  or  e q u a t o r i a l - a x i a l .
In 1 , 4 - d i s u b s t i t u t e d  cyc lohexane the t r an s  i somer  appears p r e ­
do mi nan t l y  i n  the d i e q u a t o r i a l  f orm.  The c i s  i somer  w i l l  e x i s t  
i n  e i t h e r  an e q u a t o r i a l - a x i a l  o r  a x i a l - e q u a t o r i a l  c o n f o rm a t io n .
SIX-MEMBERED HETEROCYCLIC COMPOUNDS
Six  membered h e t e r o c y c l i c  r i n g s  are c h i e f l y  concerned w i t h  the 
heteroatoms n i t r o g e n ,  oxygen,  and s u l f u r .  The va lence angles o f  
these heteroatoms are c los e  to  the t e t r a h e d r a l  angle o f  the
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carbon atom. By analogy w i t h  cyc lohexane p i p e r i d i n e  and
t e t r a h y d r o p y r a n  have s t a b l e  c h a i r  c o n f o r m a t io n ^ .  However,
de fo rm a t io n  o f  the r i n g ,  due to  the heteroatom would be more
pronounced,  when we are d e a l i n g  w i t h  the s u l f u r  atom.
The C-S bond has about  1 .82A° as compared w i t h  the  C-C bond
( 1 . 5 4 A ° ) .  Vogel and Camper^^ have c a l c u l a t e d  the C-S-C angle
o f  t h i a n e  and t h i a n e - 1 - o x i de to  be 111.0°  which i s  g r e a t e r  than
the t e t r a h e d r a l  angle o f  109° 2 8 ' ,  cou ld  r e s u l t  i n  a f l a t t e n i n g
or  de fo rm a t io n  o f  the c h a i r  f o rm,  which i s  s i m i l a r  to  the f l a t -
11t e n in g  o f  the cyc lohexane r i n g  . For both compounds, d i p o l e
moment s t u d ie s  s t r o n g l y  suggested t h a t  the c h a i r  i s  the p r e f e r r e d
co n f o rm a t i o n .  Thi s i s  i n  agreement w i t h  d i p o l e  moment s t u d i e s
1 2done by Johnson on 4 - s u b s t i t u t e d  t h i a n e - 1 - o x i d e s  . Shearer  
13s t u d ie s  o f  s o l i d  1 , 4 - d i t h i a n e  1- 4 - d i o x i d e  showed i t  to  have 
two a x i a l  S-0 groups.  Th i s  was f u r t h e r  con f i rmed by the nmr 
work o f  Chen and LeFevre^^ .
METHODS FOR DETERMINATION OF CONFORMATIONAL ENERGIES 
When two c o n fo rm a t i o n a l  isomers are i n  e q u i l i b r i u m ,  the d i f f e r e n c e  
between the f r e e  energ ies  o f  the two isomers i s  known as the 
" c o n f o r m a t i o n a l  energy"  ( -A G° ) .  I t  w i l l  denote the f r e e  energy 
o f  a con f o rm a t ion  above t h a t  o f  the co n fo rm a t i o n  o f  minimum 
energy.  -AG° i s  g i ven  by the equa t ion  -AG = RTlnK where K i s  
the e q u i l i b r i u m  co n s t a n t  o f  the two isomers .  I f  the molecu le  
has more than one s u b s t i t u e n t ,  i t  has g e n e r a l l y  been assumed
O
t h a t  the c o n f o rm a t io n a l  ene rg ies  are a d d i t i v e .  -AG = -AG°y
+ ( -AG°y)  (X and Y are s u b s t i t u e n t s ) .  Th i s  assumpt ion i s  not  
11always c o r r e c t  . '
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In  o rd e r  to  c a l c u l a t e  K , the  p o s i t i o n  o f  the e q u i l i b r i u m  must 
be known, and K expressed as a r a t i o  o f  the p o p u l a t i o n  o f  the 
isomers i n  the e q u i l i b r i u m .  For cyc lohexane d e r i v a t i v e s ,  the 
i n t e r c o n v e r s i o n  and e q u i l i b r a t i o n  o f  c o n f o rm a t io n a l  i somers 
are r a p i d  a t  room temp e ra tu re .  As a r e s u l t , p h y s i c a l  methods 
(eg.  i r ,  nmr) are bes t  s u i t e d  to  determine the magni tudes o f  
t he p r o p e r t i e s  o f  the i n d i v i d u a l  i so me rs ,  and f rom these 
values,  K can be c a l c u l a t e d .  I n d i r e c t l y ,  the p o s i t i o n  o f  
e q u i l i b r i u m  can a l so  be determined by chemical  methods.
The thermochemical  method r e q u i r e s  accu ra te  measurement o f  
the heats o f  combust ion o f  the c i s -  and t r a n s - i s o m e r s ;  the 
d i f f e r e n c e  i n  e n t h a lp y  leads to  -AG° .
Ext reme ly  pure samples and g r e a t  accuracy i n  measur ing en th a lp y  
are r e q u i r e d .  As a r e s u l t ,  t h i s  method i s  not  used e x t e n s i v e l y
An e a s i e r  method i s  t o  e q u i l i b r a t e  a p a i r  o f  c i s - t r a n s  isomers 
by chemical  means and d i r e c t l y  measure the e q u i l i b r i u m  co n s t a n t  
K by gas ch romotog raphy.
Yet  a t h i r d  method,  the k i n e t i c  method,based on the r e a c t i o n  
ra te s  o f  a x i a l  and e q u a t o r i a l  s u b s t i t u e n t s ,  was employed by 
W in s t e in ^ ^  but  has s ince  been ques t i oned  by o t h e r  w o r ke rs ^ ^ .
E l e c t r o n  d i f f r a c t i o n  and X- ray d i f f r a c t i o n  are b e t t e r  s u i t e d  
f o r  t o t a l  s t r u c t u r a l  d e t e r m i n a t i o n  o f  gases and s o l i d s  
r e s p e c t i v e l y .
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D i p o le  moment measurement i s  u s e f u l  when the two conformers
17have d i f f e r e n t  d i p o l e  moments. M a r t i n  and Uebel use d i p o l e  
moments to  ass ign c o n f i g u r a t i o n  to  the c i s -  and t r a n s  isomers 
o f  4 - c h l o r o t h i a n e  1 - ox i de  i n  s u p p o r t  o f  e q u i l i b r a t i o n  work 
done on 4 - s u b s t i t u t e d  th ia n e  1 - o x i d e ^ ^  (Johnson & McCant) .
The widespread use o f  I . R .  i s  based on the ev idence t h a t  t h e re  
i s  one unique s t r e t c h i n g  f requency f o r  C-X (X = s u b s t i t u e n t )  
c h a r a c t e r i s t i c  o f  each c o n fo rm a t io n .  The i n t e n s i t y  o f  t h a t  
band depends on the c o n c e n t r a t i o n  o f  the con former .  I f  the 
mo la r  e x t i n c t i o n  c o e f f i c i e n t  o f  each band i s  known, then the 
e q u i l i b r i u m  c o n s t a n t . K  f o l l o w s  f rom the measured i n t e n s i t i e s  
K = I i t t a / I a o t i  = Ni /Nz where N i s  the mole f r a c t i o n .  In
v a r i o u s  i n s t a n c e s ,  i t  has been assumed t h a t  the e x t i n c t i o n  co-
oyed^
,18(c)
e f f i c i e n t  are e q u a l o r  a r a t i o  empl yed^^^^^ ,  or  t h a t  i t
i s  e q u i v a l e n t  to  t h a t  o f  a model compound
D e t e rm in a t i o n  o f  c o n f o rm a t i o n a l  e q u i l i b r i  by nmr i s  even more
d i r e c t  than I . R .  and l ess  dependent  on assumpt ions .  In some 
in s t a n c e s  nmr can be used to v e r i f y  r e s u l t s  ob ta ine d  th rough 
I . R .  or  o t h e r  chemical  methods.  The use o f  nmr f o r  conform­
a t i o n a l  a n a l y s i s  o f  cyc lohexane d e r i v a t i v e s  has been rev iewed
19by F ra nk l in  & Feltkamp
I t  has been found t h a t  a x i a l  and e q u a t o r i a l  p r o t o n s ,  w i t h  the 
same chemical  env i ronment  have d i f f e r e n t  chemical  s h i f t s .  The 
e q u a t o r i a l  p ro ton  i s  u s u a l l y  de te c t ed  a t  a l ower  f requency than
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t he a x i a l  i n  cyc lohexanes.  The e q u a t o r i a l  p ro to n  couples both 
w i t h  e q u a t o r i a l  and a x i a l  p r o to n s .  Consequen t l y ,  t he  h a l f  
w id t h  o f  an e q u a t o r i a l  p ro ton  s i g n a l  (ca7cps)  i s  l e ss  than t h a t  
o f  an a x i a l  p ro ton  s i g n a l  ( c a22cps ) ,  which has an a x i a l - a x i a l  
c o u p l i n g  i n  i t .  The r a t i o  o f  the areas o f  the a x i a l  and 
e q u a t o r i a l  s i g n a l s  i s  a d i r e c t  measure o f  t he r e l a t i v e  amounts 
o f  the two conformers i n  the e q u i l i b r i u m  m i x t u r e .
In cyc lohexane and d e r i v a t i v e s  o f  c y c l o h e x a n e , th e  meth ine 
p ro t o n  (CHX) i s  the most s u i t a b l e  f o r  co n fo rm a t io n a l  a n a l y s i s .  
The methine p ro ton  has a l ower  d iamagnet i c  s h i e l d i n g  than the 
methy lene p ro ton  (CHz) on the r i n g ,  and g e n e r a l l y  appears 
a t  a l ower  f i e l d .  I f  the s u b s t i t u e n t  X i n  (CHX) i s  more 
e1 e c t  ro w ega ti re "tiia^n "^#e methy T'ene 'grou^p ; 
s h i e l d i n g  i s  decreased and the meth ine p ro ton  w i l l  appear 
a t  an even lower  f i e l d .
At  room tempe ra tu re ,  r a p i d  i n t e r c o n v e r s i o n s  o f  conformers 
make the r e s u l t s  i n t o  average values f o r  the chemical  s h i f t ,  
the bandwidth and cou p l i n g  c o n s t a n t  o f  a x i a l  and e q u a t o r i a l  
p r o t o n s .  I t  i s  then necessary to  o b t a i n  these va lues  f o r  
the separa te  conformers .  Th i s  can be accompl ished by (a)  
p h y s i c a l  s e p a ra t i o n  o f  the co n fo rmers ,  o r  (b)  redu c in g  the 
tempera ture  o f  the m i x t u r e  below i t s  coa lescence p o i n t ;  below 
t h i s  t empera ture  the a x i a l  and e q u a t o r i a l  p ro tons appear as 
separa te  s i g n a l s .
(a)  can be accompl ished where c i s -  t ran s  isomers are p re s e n t .
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(.b) i s  u s e fu l  i f  the s i g n a l s  do no t  o v e r l a p  and a s u i t a b l e  
s o l v e n t  i s  a v a i l a b l e ,  which can hold the  s o l u t e  i n  
s o l u t i o n  a t  -50°  to  -100°C.
STATEMENT OF PROBLEM
^  20 21 In  c i s -  and t r a n s -  4 - s u b s t i t u t e d  t h ia n e  1 - o x i des ’ and i n
t r a n s -  1 , 4 - d i t h i a n e  1 , 4 - d i o x i d e ,  t he ox ide  f u n c t i o n s  (S=0)
have been shown to  p r e f e r  the a x i a l  p o s i t i o n .
22M a r t i n  and Uebel a l so  examined the co n f o rm a t io n a l  e q u i l i b r i a
23o f  the c i s -  and t r a n s -  4 - c h l o r o t h i a n e  1 -ox ides  . Using the 
i r  method they  es t im a te d  the r a t i o  o f  the c o n fo rm a t io n a l  i somers .  
The C-Cl s t r e t c h i n g  bands were used and the e x t i n c t i o n  c o e f f i c ­
i e n t  f o r  the e q u a t o r i a l  C-Cl s t r e t c h i n g  was assumed to  be about  
t w i c e  t h a t  o f  the a x i a l  C-Cl s t r e t c h i n g .  Th i s  i s  analogous 
w i t h  o t h e r  work on c o n f o rm a t io n a l  e q u i l i b r i a  o f  s i x - r i n g  
c h l o r i d e s .
I n c o n s i s t e n c i e s  i n  the M a r t i n  and Uebel paper make t h e i r  con­
c l u s i o n s  u n c l e a r ,  but  the most l i k e l y  i n t e r p r e t a t i o n  appears 
to  be t h a t  the c i s  compound (S-0 a x i a l .  Cl e q u a t o r i a l  or  v i c e  
ve rsa )  i s  an equal  m i x t u r e  o f  two c h a i r  con fo rma t ion s  w h i l e  
the  t r a n s  compound (both groups a x i a l ,  o r  both e q u a t o r i a l )  
e x i s t s  as an 8:1 r a t i o  o f  d i a x i a l  to  d i e q u a t o r i a l  co n fo rm a t io n s .
The fo rm er  r e s u l t i m p l i es no c o n f o r m a t i o n a l  p r e f e r e n c e  f o r  the 
S-0 axi  a l / C l  e q u a t o r i a l  form even though t h i s  p laces both 
groups i n  p r e f e r r e d  p o s i t i o n s .  The l a t t e r  s t r o n g  p r e f e re n ce  
f o r  the d i a x i a l  form i s  not  c o n s i s t e n t  w i t h  co n f o rm a t io n a l  
p re f e re n ce s  e i t h e r ,  a l t hough  the i n f l u e n c e  o f  1 , 4 - d i p o l a r  
i n t e r a c t i o n s  may he lp  to  e x p l a i n  t h i s  r e s u l t .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
nIn view o f  these d i s c r e p a n c i e s  and the u n c e r t a i n t i e s  ment ioned 
above,  we decided to  sy n t h e s i z e  4 - c h l o r o t h i a n e  1 - o x i d e ,  separa te  
the c i s -  and t r a n s -  isomers and by means o f  nmr, examine the 
c o n f o rm a t io n a l  e q u i l i b r i a  a t  low temperatures  i n  s o l u t i o n .
At  s u f f i c i e n t l y  low temperatures  one should  observe i n  the nmr 
spect rum,  two separa te methine s i g n a l s ,  p rov ide d  a s i g n i f i c a n t  
amount o f  the two conformers e x i s t s .  I d e n t i f i c a t i o n  o f  these 
s i g n a l s  can be based on the peak w id th  a t  h a l f  h e i g h t  and on the 
chemical  s h i f t  o f  the methine p ro t on s .
Since the area under a s ig n a l  i s  p r o p o r t i o n a l  t o  the number 
o f  p ro tons p roduc ing i t ,  and i f  t h e re  i s  no o v e r l ap  o f  the two 
s i g n a l s  o f  the methine p r o t o n s ,  the r a t i o  o f  the areas o f  the 
s i g n a 1s shou1d be the  r a t i o  o f  the conformers i n  the e q u i l i b r i u m .
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RESULTS AND DISCUSSION
4 - c h l o r o t h i a n e  1 - ox id e  mixed isomers
The nmr spect rum o f  the c i s -  and t r a n s - 4 - c h l o r o t h i a n e  
1 -ox ide  was recorded a t  room tempera tu re .  The meth ine 
p ro to n  (CHCl) gave two d i s t i n c t  peaks a t  64.42 and 64 .0 .  
The upper f i e l d  s i g n a l  gave a b roader  peak o f  16cps w id t h  
a t  h a l f - h e i g h t .  The l ower  f i e l d  s i g n a l  had a peak w id th  
a t  h a l f - h e i g h t  o f  9cps.
The isomers were e f f e c t i v e l y  separated  by f r a c t i o n a l  
c r y s t a l l i z a t i o n ,  us ing carbon t e t r a c h l o r i d e  as s o l v e n t .  
The c r y s t a l s  t h a t  were f i r s t  to  come ou t  o f  the s o l u t i o n  
on c o o l i n g ,  gave a s i n g l e  peak o f  64.0  and had a m e l t i n g  
p o i n t  o f  119°.  These were i n  c lose  agreement w i t h  the 
l i t e r a t u r e  va lues  o f  64.18 and m.p 120° - 121°^^ .  Th i s  
isomer  was ass igned the c i s -  4 - c h l o r o t h i a n e  1 - o x i d e .
The more s o l u b l e  i somer  was c r y s t a l l i z e d  f rom pet ro leum 
e t h e r  and gave a s i n g l e  peak o f  64.42 ( l i t  64 .52)  and 
m.p 107° - 108° ( l i t  104° - 10 5° ) .  This  was c a l l e d  the 
t r a n s - 4 - c h l o r o t h i a n e  1 - o x i d e .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13
0I
H
c i s - 4 - c h l  o r o t h i  ane 1 -ox ide  ( I  K )-------------------------------------------------  a ^  o'
The nmr spect rum o f  5% c i s - 4 - c h l o r o t h ia n e  1 -ox i de  was recorded 
a t  severa l  temperatures  between room tempera ture  and - 8 4 ° ,
F igure  I I .  Peak se p a ra t i o n  was observed around - 5 8 ° .  No 
n o t i c e a b l e  inc rease  i n  s e p a r a t i o n  was observed below - 8 4 ° .
At  t h i s  t emperature  s i x  s p e c t r a  were ob ta ined  and the i n t e g ­
r a t i o n  .of  the peak areas determi  ned ins t runvental  l y . Each 
spect rum and i n t e g r a t i o n  was the r e s u l t  o f  s i x t e e n  acc um u la t i on s .
There was a s e p a ra t i o n  o f  SOcps between the two meth ine proton 
s i g n a l s  and an average va lue o f  p o p u l a t i o n  o f  e q u a t o r i a l  to 
a x i a l ,  o f  1 :3 .
Th is  would i n d i c a t e  t h a t  the c i s - 4 - c h l o r o t h i a n e  1 - ox id e  c o n s i s t s  o f  
an e q u i l i b r i u m  m i x t u r e  o f  two con formers ;  a predominant  conformer  
w i t h  the S=0 in  the a x i a l  p o s i t i o n  and c h l o r i d e  i n  the e q u a t o r i a l  
p o s i t i o n ;  and another in  which S=0 i s  eq ua to r ia l  and c h l o r i n e  
a x i a l .
Using the equat ion  -AG = RTlnK w i t h  (K = 3 /1 )  the e q u i l i b r i u m  
constant ,  the co n fo rm a t i o n a l  energy o f  c i s - 4 - c h l o r o t h i a n e  1 - 
ox ide  i s  found to be 0 . 4 k c a l / m o l e .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
14
t r a n s - 4 - c h l o r o t h i  ane 1 -ox id e  (2^ + 2j^)
The nmr spectrum o f  3% t r a n s - 4 - c h l o r o t h i a n e  1 - ox id e  was 
recorded a t  room te m p e ra tu re ,  F igure  I I I  and -84,  F igure  IV.
A narrow s i n g l e  peak r e s u l t e d  f rom t h i r t y - s i x  acc um u la t i on s .
There was no obse rvab le  d i f f e r e n c e  between the s i g n a l  a t  room 
tempera tu re  and a t  - 8 4 ° .  The expected s e p a r a t i o n  o f  (CHX) 
p ro to n  a t  low tempera ture  seemed n o n e x i s t e n t .
A d d i t i o n  o f  c i s - 4 - c h l o r o t h i a n e  1 -ox ide  (2%) was not  
d e t e c t a b l e .  But an a d d i t i o n  o f  about  4-5% was d e te c t ed .
Changing the s o l v e n t  t o  methy lene c h l o r i d e :  1 , 2 - d i c h i o r o e t h a n e  
( 5 : 2 )  a f f o r d e d  a 10% s o l u t i o n  o f  t r a n s - 4 - c h l o r o t h i a n e  1 - o x i d e .
Again th e re  was no n o t i c e a b l e  s p l i t t i n g  a f t e r  t h i r t y - s i x  
acc u mu la t i o n s .  F u r t h e r ,  any f a i n t  i n d i c a t i o n  o f  s p l i t t i n g
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cou ld  be masked by o v e r l ap  o f  s o l v e n t  s i g n a l .  Th is  leads us 
to  conclude t h a t  our  i n s t r u m e n t  would not  revea l  the con­
fo rme r  be a r i ng  the e q u a t o r i a l  c h l o r i n e ,  i f  i t  were l ower  than 
4% i n  the e q u i l i b r i u m  m i x t u r e .  We may thus take the r a t i o  o f  
a x i a l  to  e q u a t o r i a l  c h l o r i n e  to be 9 8 :2 ,  w i t h  a p robab le  e r r o r  
o f  ±2.
S u b s t i t u t i n g  K = 98/2 i n  equa t ion  -AG* = RTlnK, the conform­
a t i o n a l  energy f o r  t r a n s - 4 - c h l o r o t h i a n e  1 - o x id e  i s  1 . 5 k c a l / m o l e .
Since the c i s  compound e x i s t s  w i t h  one s u b s t i t u e n t  a x i a l  and 
the o t h e r  e q u a t o r i a l  r e g a r d le s s  o f  which co n f o rm a t io n  i t  adop ts ,  
t h e re  i s  no major  d i f f e r e n c e  i n  the e l e c t r o s t a t i c  s i t u a t i o n  i n  
these con formers .  The exper imen ta l  r e s u l t  t h e r e f o r e ,  m igh t  be 
expected to  r e f l e c t  f a i r l y  a c c u r a t e l y  the c o n f o rm a t io n a l  
p r e fe re nc es  f o r  the i n d i v i d u a l  s u b s t i t u e n t s .
24Using the "b e s t  va lues "  f o r  c h l o r i n e  and the nmr determined
2 5va lue  f o r  t h ia n e  o x i d e ,  and be ar ing  i n  mind t h a t  the S = 0 
p r e fe r e n c e  i s  a x i a l ,  a d d i t i v i t y  would g i ve  -AG° = +0.4 +0.2 = 
0 . 6 k c a i / m o l e  f o r  the c o n f o rm a t io n a l  energy o f  the l ess  favoured  
form.  Th is  rough c a l c u l a t i o n  agrees reasonab ly  w e l l  w i t h  the 
p r es e n t  ex pe r imen ta l  r e s u l t  o f  0 . 4 k c a l / m o l e .
In  the absence o f  an e l e c t r o s t a t i c  e f f e c t ,  the t r a n s  compound 
would be expected to  have v i r t u a l l y  no p r e f e re n c e  f o r  one 
c o n fo rm a t i o n  over  the o t h e r ,  s inc e  here the i n d i v i d u a l  conform­
a t i o n a l  f r e e  energy va lues must be s u b t r a c t e d  AG* = 0 .4  - 0 .2  = 
0 . 2 k c a l / m o l e .
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In sharp c o n t r a s t  t o  the c a l c u l a t e d  s l i g h t  p re fe r en ce  f o r  the 
d i e q u a t o r i a l  f orm,  the exper imen ta l  r e s u l t  shows a s t rong  
p re fe rence  ( 1 . 5 k c a l / m o l e ) f o r  the d i a x i a l  f orm.  I t  seems 
most reasonable  to  a t t r i b u t e  t h i s  d i sc repancy  ( 1 . 7 k c a l / m o l e )  
t o  a 1 , 4 - d i p o l a r  i n t e r a c t i o n .
A few ins tances  o f  such d i s c r e p a n c ie s  have been noted i n  1 -4-  
d i s u b s t i t u t e d  cyclohexane molecule when both s u b s t i t u e n t s  are 
p o l a r .
26N o t a b l y , i n  the 1 ,4 -d ia h a lo c y c lo h e x a n e s  the c o n fo rm a t i o n a l  
energ ies  -AG°aa->-ee, the r e s u l t  ob ta ined  by a d d i v i t y  o f  -AG* 
va lues  were i n  a l l  i ns ta nc es  about  f i v e  t imes l a r g e r  than 
r e s u l t s  based on the e q u i l i b r i u m  co n s t a n t  ob ta ine d  through 
nmr.
Assuming the n o n - a d d i t i v i t y  i n v o l v e s  e l e c t r o s t a t i c  i n t e r a c t i o n ,
i nc rease  i n  e l e c t r o n e g a t i v i t y  o f  the p o l a r  s u b s t i t u e n t s  should
lead to  an i nc re ase  in d e v i a t i o n  f rom a d d i t i v i t y .  The use of
t r i f 1uoroacetoxy  as s u b s t i t u e n t s  i n  1-H , 4 - H - t r a n s - 1 , 4 - ( t r i f 1uoro-
acetoxy)  cyc lohexane-dg gave a co n fo rm a t io n a l  energy o f  0.077
27k c a l / m o l e .  A d d i t i v i t y  g ives  a va lue o f  0 . 97kca l /mo le
2 8Recent r e s u l t s  i n  the l i t e r a t u r e  may a l so  i n v o l v e  e l e c t r o ­
s t a t i c  i n t e r a c t i o n  between the carbony l  group and an e l e c t r o ­
ne ga t i ve  group in  4 - s u b s t i t u t e d  cyc lohexanone . Sto low has 
worked w i t h  4-X-cyc lohexanone (X = MeO-, H0- ,  BzO, C l ,  Br ,  
and i n  a l l  i ns tances  the re  i s  a predominance o f  the a x i a l
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conformer  which n o t a b l y  i n  the case o f  4-methoxycyc lohexanone 
reduces the apparent  va lue o f  -AG* f o r  t he methoxyl  group to
CONCLUSION
The overwhelming p re fe r en ce  o f  the d i a x i a l ,  over  the d i e q u a t o r i a l  
form o f  t r a n s - 4 - c h l o r o t h i a n e  1 -ox ide  adds t o  the growing number 
o f  i n s t a n c e s ,  which su ppor t  the hypo thes i s  t h a t  h i g h l y  e l e c t r o ­
n eg a t i ve  groups i n  the 1 ,4 -  p o s i t i o n s  o f  a six-membered r i n g  
favours  the d i a x i a l  f orm,  and r e s u l t s  i n  d e v i a t i o n  f rom a d d i t i v i t y  
o f  accepted s u b s t i t u e n t  v a l u e s .  This  i n t e r a c t i o n  across a s i x -  
membered r i  eg ,tbus seems to  be a general  phenomenon, whi ch 
determines the p o s i t i o n  o f  c o n f o rm a t io n a l  e q u i l i b r i u m .
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FIG. I I  Nmr spectrum o f  c i s - 4 - c h 1 o r o t h i a n e  1 -o x i de  ( - 8 4 ° )
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l i l  Nmr s p e c t r a  o f  t r a n s - 4 - c h l o r o t h i a n e - l - o x i d e  a t  2 5 °C
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FIG. IV Nmr s p e c t r a  o f  t r a n s - 4 - c h I o r o t h ia n e  1 -o x id e  a t  - 8 4 ®C
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EXPERIMENTAL
The nmr s p e c t ra  were recorded w i t h  JE0L-60-C in  10 pe rcen t  
methy lene c h l o r i d e - d z  s o l u t i o n .
The low tempera tu re  nmr were recorded a t  - 8 4 ° ,  w i t h  JEOL 
C-60-HL and spect rum accumula to r  JRA-1.
Gas chromatography was c a r r i e d  ou t  w i t h  an F and M 720.
The a n a l y t i c a l  column was a s i x  f o o t  s i l i c o n e  gum n i t r i l e  
(GEXE-60).
The i r  s p e c t ra  were run on the Beckman IR12.  KBr p e l l e t s  
were used f o r  the c i s - 4 - c h l o r o t h i a n e  1 - ox id e  and a 5% carbon 
d i s u l p h i d e  s o l u t i o n  f o r  the t r a n s * 4 * c h l o r o t h i a n e  1 - o x i d e .
M e l t i n g  p o in t s  determined w i t h  a F i she r -Johns  apparatus were 
u n c o r r e c t e d .
Sep a ra t i o ns  o f  the c i s -  t r a n s -  isomers were e f f e c t i v e l y  done 
by s u b l i m a t i o n  a t  60° and 1mm p ressu re  and f r a c t i o n a l  c r y s t a l ­
l i z a t i o n  us ing carbon t e t r a c h l o r i d e  and pet ro leum e t h e r  ( 35-60° )
as s o l v e n t s .
Anhydrous magnesium s u lp h a t e  was used th ro u g h o u t  as a d r y in g  
agen t .
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3011 3-carbomethox .y -4-oxo th i  ocyc l  ohexane
Sodium methoxide (54 g,  1 mole) was added to  sodium 
d r i e d  e t h e r  ( I f )  i n  a 2 l i t r e  3-necked Morton f l a s k  
f i t t e d  w i t h  d ropp ing  f u n n e l ,  r e f l u x  condenser  and 
mechanical  s t i r r e r .  The m ix tu r e  was cooled to  -5°C 
in  an e thano l  dry i ce  ba th .
D i m e t h y l - 3 ; 3 - t h i o d i p r o p i o n a t e  (100 g;  498 moles)  was 
added s i  owl y wi th con t i nuous  and v ig o r ous  s t i r r i n g  
over  a p e r i od  o f  two and o n e - h a l f  hours .  A f t e r  
a d d i t i o n  was complete ,  the c o o la n t  was removed and 
s t i r r i n g  con t i nued  f o r  tw e lve  hours under anhydrous 
c o n d i t i o n .  Most o f  the suspended m a t e r i a l  co ag u la ted .
The m i x t u r e  was cooled i n  an i c e  bath and 15% HCl (525 
ml )  added to  pH 3.5 (congo r e d ) .
The aqueous phase was separa ted and e x t r a c t e d  w i t h  
e t h e r  (3 x 100 m l ) .  The e t h e r  was combined w i t h  the 
o r g a n i c  phase.  The combined e t h e r  s o l u t i o n  was washed 
w i t h  wa te r  (500 ml)  and s a t u r a t e d  sod iumb ica rbonate  
s o l u t i o n  (300 m l ) ,  then p laced to  dry  over  anhydrous 
magnesium s u l p h a t e .
A f t e r  f i l t e r i n g ,  the e t h e r  was removed by s u c t i o n  
r o t a r y  e v a p o ra te r  l e a v i n g  a c l e a r  c o l o u r l e s s  p r odu c t  
o f  3 -c a r b o m e th o xy -4 -o x o th io c y c l o h e x a n e  (63.1 g 73%).
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31I I I  4 - k e t o t h i  opyrane ( h y d r o l y s i  s o f  11)
3 -c a r b o m e th o xy -4 -o x o th io c y c l o h e x a n e  137.4 g (78 moles)  
a c e t i c  ac id  (230 ml )  c o n ce n t r a te d  s u l p h u r i c  ac id  (118 ml)  
w a te r  (850 ml )  were r e f l u x e d  i n  a 2 l i t r e  f l a s k  f o r  
seven hours .
The r e a c t i o n  m i x t u r e  was e x t r a c t e d  w i t h  e t h e r  (3 x 100 ml)  
The e t h e r  e x t r a c t  was washed w i t h  10% sodium hyd rox ide  
s o l u t i o n  and d r i e d  over  magnesium s u l p h a t e .  The e t h e r  
was removed to  54 g . y e l l o w  c r y s t a l  r e s id u e  (59% y i e l d ) .
The res id ue  was r e c r y s t a l l i z e d  f rom pe t ro leum e t h e r .
IV 4 H - t h i o p y r a n - 4 - 0 1 ^ ^
L i t h i u m  aluminum hy d r i de  ( 2 . 7 )  was s l u r r i e d  w i t h  sodium 
d r i e d  e t h e r  (150 ml )  i n  a 500 ml 3-necked f l a s k  f i t t e d  
w i t h  a r e f l u x  condenser ,  d ropping  funne l  and mechanical  
s t i r r e r .  4 - k e t o t h i o p y r a n e  (2.5 g) was d i s s o l v e d  i n  anhydrous 
e t h e r  and added dropwise to  the suspens ion w i t h  cont inuous  
s t i r r i n g .  The r e a c t i o n  m i x t u r e  was r e f l u x e d  o v e r n i g h t  
under anhydrous c o n d i t i o n  then cooled to  room temp er a t u re .  
The unreac ted l i t h i u m  aluminum hy d r i de  was des t royed by 
adding 10% s u l f u r i c  ac id  ve ry  s l o w l y .  The aqueous l a y e r  
was e x t r a c t e d  w i t h  e t h e r  (3 x 100 m l ) .  The combined e t h e r  
e x t r a c t  was washed w i t h  wa te r  and a s a t u r a t e d  sodium- 
b i c a r b o n a t e  s o l u t i o n  then d r i e d .  The e t h e r  was removed 
by s u c t i o n  e v a p o r a t i o n  to  g i v e  a l i q u i d  r e s i d u e  (22 g. 85%). 
The res idue  was d i s t i l l e d  th rough a column w i t h  a s i l v e r e d  
evacuated j a c k e t  a t  1 .4 mm. The f r a c t i o n  coming o f f  a t  70°
7R° was rnllActed.
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31V 4-ch 1o r o t h i opyranQo
4 H - t h i opyran-4-01 3 g  ( .025  m o le ) ,  a b so lu te  c h lo r o f o r m  
7.5 ml and dry  p y r i d i n e  (3 .3g )  were p laced i n  a 3-necked 
f l a s k  f i t t e d  w i t h  a r e f l u x  condenser  d ropp ing  funne l  and 
mechanical  s t i r r e r .  T h i o n y l c h l o r i d e  (4 .5  ml)  i n  a b so lu te  
c h lo r o fo r m  (11 ml)  was added s l o w l y .  The m i x t u r e  was 
heated on a steam bath and r e f l u x e d  f o r  45 m in u te s ,  then 
coo led and h y d r o c h l o r i c  ac id  added. The aqueous l a y e r  
was e x t r a c t e d  w i t h  c h l o r o f o r m  (3 x 10 m l ) .  The combined 
c h lo r o f o r m  e x t r a c t  was washed w i t h  s a t u r a t e d  sodium 
b i c a r b o n a te  s o l u t i o n  and d r i e d  w i t h  magnesium s u l p h a t e .
Removal o f  the c h l o r o f o r m  gave a dark brown re s id ue  
(2 g;  53%).
VI 4 - c h l  o r o t h i a n e  1 - o x i d e ^^
4 - c h l o r o t h i o p y r a n e  (2 .73 g 0.02 moles)  was p laced in  
a co n ic a l  f l a s k  w i t h  a magnet ic  s t i r r e r .  Sodium met-  
app er i o d a te  ( 4 .5  g .02 moles)  was d i s s o l v e d  i n  a l i t t l e  
wa te r  and made up to  75 ml w i t h  i c e - c o l d  w a t e r .  The 
p e r i o d a t e  was added to  the 4 - c h l o r o t h i o p y r a n e . The 
m ix t u r e  was s t i r r e d  o v e r n i g h t  a t  0°C. The aqueous 
phase was decanted and e x t r a c t e d  w i t h  methy lene c h l o r i d e  
(5 X 10 m l ) .  The methylene c h l o r i d e  e x t r a c t  was d r i e d  
over  magnesium s u l p h a t e .  Removal o f  the methy lene 
c h l o r i d e  gave a w h i t e  r e s id ue  ( 2 .2  g ; 73%).
Nmr o f  the crude s u l f o x i d e  gave two separa te  and d i s t i n c t  
a b s o r p t i o n  peaks a t  64.4 and 64 .0 .
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Sepa ra t i o n  o f  c i s -  and t r a n s - 4 - c h l o r o t h i a n e  1 -ox id e  Crude
4 - c h l o r o t h i a n e  1 -o x i de  (mixed isomers)  2.2 g was d i s s o l v e d  
i n  a minimum o f  ho t  carbon t e t r a c h l o r i d e  then coo led f o r  
two days a t  10°.  N e e d l e - l i k e  c r y s t a l s  ( . 8  g) appeared on 
the s u r f a c e .  The c r y s t a l s  were separa ted and the s o l v e n t  
evapora ted l e a v i n g  a res id ue  1.4  g.
(a)  C i s - 4 - c h l o r o t h i ane 1 -ox ide
Five success i ve  c r y s t a l l i z a t i o n s  o f  the n e e d l e - l i k e  
c r y s t a l s  gave a p u r i t y  g r e a t e r  than 98%, as i n d i c a t e d  
by gas chromatography.  At  room tempera ture  the nmr 
s p e c t ra  gave a s i n g l e  meth ine p ro ton  (CHCl) s i g n a l  a t
64. S p l i t t i n g  o f  the s ig n a l  occur red  a t  - 5 8 ° ,  At
-84°  the re  were two d i s t i n c t  and separa te  peaks.  The 
down f i e l d  s i g n a l  had a w id t h  o f  h a l f - h e i g h t  o f  9cps.
■ That  o f  the upper f i e l d  s ig n a l  was 27cps. i r  gave 
c h a r a c t e r i s t i c  s u l f o x i d e  (S = 0) a b s o r p t i o n  between 
1000 - 1100 - cm"i  and C-Cl s t r e t c h i n g  band 760 cm"^
(KBr p e l l e t )
Ana l .  Calcd.  f o r :  CgH9C10S C39.3 ,H ,5 .9  Cl 23.2 S 21.0
Found C3 9 .8 ,H ,6 .2  01 ,22*9. S (not  g i ven )
(b)  t r a n s - 4 - c h l o r o t h i a n e  1 -o x id e
The res id ue  was subl imed a t  60° and 1mm. The s u b l im a te  
was d i s s o l v e d  i n  carbon t e t r a c h l o r i d e ,  kept  o v e r n i g h t  
a t  -5°  and f i l t e r e d .  Th i s  was done t h re e  t i m e s .  F i n a l l y ,  
t he s o l v e n t  was removed and the re s i d u e  r e c r y s t a l l i z e d  f rom
I
pet ro leum e t h e r . Five success i ve  c r y s t a l l i z a t i o n s  gave a
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p u r i t y  o f  about  98% (g&c) .  The nmr sp e c t ra  a t  room 
tempera ture  gave a methine p ro ton  s i g n a l  a t  64 .4 .  There 
was no n o t i c e a b l e  change in the low tempera ture  nmr s p e c t r a .  
C h a r a c t e r i s t i c  s u l f o x i d e  (S = 0) a b s o r p t i o n  peaks appeared i n  
the i r  spect rum between 1000 - 1100 -  cm "S  and medium peaks 
a t  765 and 719 cm"^ . c h a r a c t e r i s t i c  o f  C-Cl s t r e t c h i n g .  (5%,CSz
s o l v e n t ) .
Ana l .  Calcd.  f o r  CgH9C10S C, 39.3 H ,5 .9  C l , 23.2 5 ,21.01 
Found C,39.6  H,6.1 C l , 23.1 S ,21
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